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Abstract

In this paper, using the Gauss-Rotation model (GR model), we analyse the UV C IV resonance lines in the spectra of 20 Oe-stars of
different spectral subtypes, in order to detect the structure of C IV region. We study the presence and behavior of absorption clouds and
analyse their characteristics. From this analysis we can calculate the values of a group of physical parameters, such as the apparent rota-
tional and radial velocities, the random velocities of the thermal motions of the ions, the Full Width at Half Maximum (FWHM), the
optical depth, as well as the absorbed energy and the column density of the independent regions of matter, which produce the main and
the satellite clouds of the studied spectral lines. Finally, we present the relations between these physical parameters and the spectral sub-
types of the studied stars and we give our results about the structure of the C IV region in their atmosphere.
© 2014 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The C IV resonance lines in the Oe stellar spectra have a
peculiar and complex profile. Additionally many research-
ers have observed the existence of absorption C IV compo-
nents shifted to the violet side of the main spectral line e.g.
Doazan et al. (1991), Danezis et al. (1991,2003) [p. 180],
Danezis et al. (2007) [p. 828] and Lyratzi et al. (2007) [p.
358]. We named these components Discrete or Satellite
Absorption Components (DACs: Bates and Halliwell,
1986 [p. 678] SACs: Danezis et al., 2003[p. 180]). DACs
or SACs originate in separate density clouds, in the C IV
region and have different rotational and radial velocities.
In any case, the whole observed feature of the C IV
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resonance lines is not the result of a uniform atmospherical
region, but it results from different CIV clouds with differ-
ent physical parameters, which create a series of compo-
nents. This analysis improves and completes our
preliminary previous work (Antoniou et al., 2007). Using
the Gauss-Rotation Model (GR model) (Danezis et al.,
2007), we analyse the UV C IV (44 1548.155 A,
1550.774 A) resonance lines in the spectra of 20 Oe-stars
of different spectral subtypes, taken with IUE, in order to
investigate the presence of Satellite Absorption Compo-
nents (SACs) and Discrete Absorptions Components
(DACs). From this analysis we can calculate the values
of a group of physical parameters, such as the apparent
rotational and radial velocities of the density clouds, the
random velocities of the thermal motions of the ions, the
Full Width at Half Maximum (FWHM), the optical depth,
as well as the absorbed energy and the column density of
the independent C IV clouds of matter, which produce
the main and the satellites components of the studied spec-
tral lines. The knowledge of these parameters allows us to
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Table 1
The twenty studied stars with their spectral subtype and effective
temperature

Star Spectral Subtype Name Teff (kK)
HD24534 09.5 111 X Per 32
HD24912 07.5 I ((f)) £/46 Per 36
HD34656 0711 (f) - 36.8
HD36486 09.511 8/34 Ori 33.5
HD37022 06 Vp 0 Ori 45.5
HD47129 07.5 111 V640 Mon 35
HD47839 07 111 15/S Mon 41
HD48099 06.5V - 39
HD49798 O6p - 47
HD57060 08.51f 29/UW CMa 35.9
HD57061 09.01 7 /30 CMa 31.8
HD60848 08.0Vpe BN Gem 36.5
HD91824 O7V ((f)) - 39
HD93521 09.511 - 34
HD112244 08.5Iab - 32
HD149757 09V (e) { Oph 34
HD164794 04V ((f) 9 Sgr 46
HD203064 ogv 68 Cyg 36
HD209975 09.51 19 Cep 30.2
HD210839 06.01 /22 Cep 38

understand the structure of the regions, where the C IV
spectral lines are created. Finally, we present the variation
of them as a function of the stars’ effective temperatures. It
is known that the star’s effective temperature is related to
its spectral subtype. This means that the variation of the
parameters as a function of the effective temperature is
equivalent to the variation of them as a function of the
spectral subtype. In some cases we calculate the linear
regression and the linear correlation coefficient R>. At the
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Fig. 2. Variation of the rotational velocities of the C IV resonance lines
(A4 1548.155, 1550.774 A) for the independent density clouds which create
the absorption components, as a function of the effective temperature. We
have calculated four levels of rotational velocities with mean values 1438,
608, 242 and 69 km/s respectively.

end of the paper we give, as appendices, a short description
of the GR model, the linear regression and the linear cor-
relation coefficient.

2. Data

The spectrograms of the 20 Oe-stars have been taken
with TUE satellite, with the Short Wavelength range Prime
and Redundant cameras (SWP, SWR) at high resolution
(0.1-0.3 A). Our sample includes the subtypes O4 (one
star), O6 (four stars), O7 (five stars) O8 (three stars) and
09 (seven stars). In Table 1 one can see the studied stars,
the spectral subtype and the effective temperature of the
studied stars. The best fit has been obtained with two
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Fig. 1. The C IV doublet of the 09.5 11 star HD 93521 and its best fit. The best fit has been obtained using four absorption components. The graph below

the profile indicates the difference between the fit from GR model and the

real spectral line. The smaller this difference is, the better the quality of fitting.

The axis of the graph below corresponds to the wavelength and has the same units (A) and the same scale as the axis above.
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components in nine of the twenty studied stars, with three
components in six of them and with four components in
five of them.

3. Variation of the physical parameters of the C IV regions,
as a function of the effective temperature

In Fig. 1 one can see the C IV doublet of the 09.5 II star
HD 93521 and its best fit. The best fit has been obtained
using four absorption components. The graph below the
profile indicates the difference between the fit and the real
spectral line.

In the following figures one can see the variation of the
physical parameters of the C IV regions of the studied
stars, as a function of the stars’ effective temperature (Teff).
In some cases we give the linear regression and the respec-
tive linear correlation coefficient R* (see Appendix B and
Kleinbaum et al., 1987).

In Fig. 2 we present the variation of the rotational veloc-
ities of the C IV resonance lines (14 1548.155, 1550.774 A)
for the independent density regions of matter, which create
the absorption components, as a function of the effective
temperature. With the term “rotational velocities” we mean
the self rotation of the absorbing clouds. This means that
these velocities originate from regions outside the star
and not from the star’s rotation. We found four groups
of rotational velocities. One can observe that we have cal-
culated high values of rotational velocities, especially for
the first and second group (mean values 1438 and
608 km/s respectively). An important phenomenon that
can be detected in the spectra of hot emission stars is that
in many spectra some of these components of highly ion-
ized species are very broad. This very large width cannot
be explained as if it is due to large velocities of random

motions of the ions, nor to large rotational velocities of
the regions where these components are created. Danezis
et al. (2009) have given a possible explanation of this phe-
nomenon. In the environment of hot emission stars, apart
from the density regions, the violent mass ejection may
produce smaller regions due to micro-turbulent move-
ments. These smaller regions produce narrow absorption
components with different shifts that create a sequence of
lines. The synthesis of all the lines of this sequence gives us
the sense of line broadening. As a result, what we measure
as very broad absorption line, is the composition of the nar-
row absorption lines that are created by micro-turbulent
effects. In Fig. 3, in (a)—(c) one can see how a sequence of lines
could produce an apparent very broad absorption spectral
line. This means that when the width of each of the narrow
lines is increasing (from a to c), the final observed feature
looks like a single very broad absorption spectral line. In
(d) one can see a combination of the apparent very broad
absorption spectral line with a classical absorption line. We
note that with the term “classical absorption line” we mean
the spectral line which has such a profile that can be fitted
with a classical mathematical distribution, such as a Gauss,
Lorentz (Cauchy) or Voigt distribution.

We applied this idea in some stars and we present the
results in the case of the star HD 24912. In Fig. 4 we see
the 1st absorption component of the C IV resonance line
(21548.155 A) of the star HD 24912. It corresponds to a
rotational velocity of 1700 km/s. According to the previous
mentioned idea, it is produced by narrow absorption com-
ponents with different shifts and different rotational veloc-
ities. In this case we obtained the best fit using four
components with rotational velocities of 300, 400, 450
and 400 km/s. These components are shown separately
below.

a b
-y z
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Fig. 3. The addition of all the lines of this sequence gives us the sense of line broadening. As a result, what we measure as very broad absorption line, is the
composition of the narrow absorption lines that are created by micro-turbulent effects. This means that when the width of each of the narrow lines is
increasing (from a to ¢), the final observed feature looks like a single very broad absorption spectral line. In (d) one can see a combination of the apparent
very broad absorption spectral line with a classical absorption line. We remind that a classical absorption line is a spectral line which has such a profile that
can be fitted with a classical mathematical distribution, such as a Gauss, Lorentz (Cauchy) or Voigt distribution.
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Fig. 4. The first absorption component of the C IV resonance line (4 1548.155 A) of the star HD 24912. It corresponds to a rotational velocity of 1700 km/
s. It is produced by narrow absorption components with different shifts and different rotational velocities. In this case we obtained the best fit using four
components with rotational velocities of 300, 400, 450 and 400 km/s. These components are shown separately below.
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Fig. 5. The best fit using the broad absorption component which corresponds to the rotational velocity of 1700 km/s (left) and the best fit using the four
narrow absorption components with different shifts and different rotational velocities with values 300, 400, 450 and 400 km/s (right).

In Fig. 5 one can see the best fit using the broad absorp-
tion component, which corresponds to the rotational veloc-
ity of 1700 km/s (left) and the best fit using the four narrow

rotational

velocities with values

absorption components with different shifts and different
300, 400, 450 and
400 km/s (right). The F-test shows as suitable best fit the
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left one. We use the F-test (e.g. Snedecor and Cochran,
1989, Ch. 6, p. 222) in order to check if the fit of a group
of (n+ 1) absorption components is better from a group
of (n) absorption components. This statistical method
allows us to choose the minimum number of the absorption
components which give the best fit of the particular and
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Fig. 7. The variation of the random velocities of the C IV resonance lines (14 1548.155, 1550.774 A) for the independent density regions of matter which
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In Fig. 6 we present the variation of the radial velocities
of the C IV resonance lines (A4 1548.155, 1550.774 A) for
the independent density regions of matter, which create
the absorption components, as a function of the effective
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Fig. 8. The variation of the FWHM of the C IV resonance lines (14
1548.155, 1550.774 A) for the independent density regions of matter,
which create the absorption components, as a function of the effective
temperature.

temperature. For the 1st and 2nd cloud we found a slightly
negative slope and for the 3rd and 4th cloud a slightly posi-
tive slope. We calculated “good” linear correlation for the
three components (R*> = 0.6132,0.6,0.5124) and “weak”
linear correlation for the 4th one (R* = 0.3222).

In Fig. 7 one can see the variation of the random veloc-
ities of the ions of the C IV resonance lines (44 1548.155,
1550.774 A) for the independent density regions of matter
which create the absorption components, as a function of
the effective temperature. We detected an almost constant
trend of the random velocities with values between 120
and 200 km/s for the three first clouds and about 80 km/s
for the fourth one. The linear correlation is “good”.
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The variation of the FWHM is the same as the variation
of the rotational and random velocities. This is expected
because the FWHM is a parameter which indicates the line
broadening and the rotational and random velocities are
parameters which contribute to this situation. The average
values of the FWHM are 13.0, 6.6, 2.2 and 1.1 A, respec-
tively. The mentioned can be seen in Fig. 8.

In Figs. 9 and 10 we present the variation of the optical
depth (&) in the C IV resonance lines (44 1548.155,
1550.774 A) respectively. The variation of the optical depth
presents an almost constant behavior in both of the C IV
resonance lines. The optical depth’s values in the C IV (4
1550.774 A) spectral line are 0.9 of the optical depth’s val-
ues in the C IV (4 1548.155) A. This is in agreement with
the atomic theory because, according to this theory, the
laboratory intensity ratio of the two C IV resonance spec-
tral lines is also 0.9.

In Figs. 11 and 12 one can see the variation of the
absorbed energy (Ea) in the C IV resonance lines (A4
1548.155, 1550.774 A) respectively. The absorbed energy
of a density cloud, which is in the optical line of the obser-
ver, is the part of the “black body star” radiation which is
absorbed from a specific density cloud. The variation of the
absorbed energy, as in the case of the optical depth, pre-
sents almost the same behavior in both of the C IV reso-
nance lines and the ratio 0.9 between the two C IV
resonance lines is maintained. This is expected because
the absorbed energy is an index of the optical depth.

Finally, in Figs. 13 and 14 one can see the variation of
the column density (CD) in the C IV resonance lines 14
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Fig. 9. The variation of the optical depth (&) of the C IV resonance line (A4 1548.155 A) for the independent density regions of matter, which create the

absorption components, as a function of the effective temperature.
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Fig. 10. The variation of the optical depth (&) of the C IV resonance line (24 1550.774 A) for the independent density regions of matter, which create the

absorption components, as a function of the effective temperature.

1548.155, 1550.774 Arespectively. The variation of the col-
umn density of the C IV resonance lines (A4 1548.155,
1550.774 A) remains almost constant between 1 x 10"
and 4 x 10" cm 2.
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4. Discussion and conclusions

At first we note that the values of all the calculated
parameters are included in the acceptable limits of the
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Fig. 11. The variation of the absorbed energy (Ea) of the C IV resonance line 1 1548.155 A, for the independent density regions of matter, which create the

absorption components, as a function of the effective temperature.
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Fig. 12. The variation of the absorbed energy (Ea) of the C IV resonance line 1 1550.774 A, for the independent density regions of matter, which create the
absorption components, as a function of the effective temperature.
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theory of the hot emission stars’ atmospheric structure.
With regard to the calculated parameters, we remark the

following:

Rotational velocities
We have detected four groups of the rotational veloci-
ties’ values. One can distinguish these groups as describing
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Fig. 14. The variation of the column density (CD) of the C IV resonance line 4 1550.774 A, for the independent density regions of matter, which create the

absorption components, as a function of the effective temperature.

below. The first group has an average value of about
1438 km/s, the second group has an average value of about
608 km/s, the third group has an average value of about
243 km/s and the fourth one of about 69 km/s. We remind
that the high values of the rotational velocities have to do
with the environment of hot emission stars, where, apart
from the density regions, the violent mass ejection may
produce smaller regions due to micro-turbulent move-
ments. These smaller regions produce narrow absorption
components with different shifts that create a sequence of
lines. The addition of all the lines of this sequence gives
us the sense of line broadening. We also mentioned, as
another possible explanation, the division of a spectral line
which corresponds to not acceptable rotational velocities in
two or more components with lower rotational velocities.

Radial velocities

The variation of the radial velocities, as a function of the
studied stars’ effective temperature of the clouds, which cre-
ate the C IV resonance lines (A4 1548.155, 1550.774 A),
present a slightly negative slope for the 1st and 2nd cloud
and an almost constant behavior for the 3rd and 4th cloud.
The negative slope corresponds to high values of radial
velocities (between 2000 and 3000 km/s). These high values
indicate, eruptive phenomena in some of the studied stars.
We also calculated a “good” correlation for the three com-
ponents (R*> = 0.6132, 0.6, 0.5124) and “weak” linear corre-
lation for the 4th one (R*> = 0.3222).

Random velocities

The variation of the random velocities of the ions of the
C IV resonance lines (A4 1548.155, 1550.774 A) for the

independent density regions of matter which create the
absorption components, as a function of the effective tem-
perature, presents an almost constant trend with values
between 120 until 200 km/s for the first three clouds and
about 80 km/s for the fourth one. The linear correlation
is “good”.

Full Width at Half Maximum (FWHM)

The variation of the FWHM is the same as the variation
of the rotational and random velocities. This is expected
because the FWHM is a parameter which indicates the line
broadening and the rotational and random velocities are
parameters which contribute to this situation. The average
values of the FWHM are 13.0, 6.6, 2.2 and 1.1 A,
respectively.

Optical depth, absorbed energy

These parameters have the same slope and the same
behavior. This is in agreement with the atomic theory.

Column density

The variation of the column density of the C IV reso-
nance lines (A4 1548.155, 1550.774 A) remains almost con-
stant between 1 x 10" and 4 x 10" e¢m 2.

Finally, we note that we found a good correlation
between the stars’ effective temperature and the radial
and random velocities. The same phenomenon has been
detected in the case of the Be stars Antoniou et al. (2011)
and Antoniou et al. (2012). This means that in Oe and
Be stars, if we know the star’s effective temperature, we
could estimate the above mentioned parameters. However,
this must be confirmed by a greater sample of Oe and Be
stars and it is a part of our future work.
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Appendix A. Method of analysis. The Gauss-Rotation model
(GR model)

In the context of GR Model, the radiative transfer
equation for a complex atmosphere has been solved.
By solving the equation (Danezis et al., 2003; Danezis
et al., 2007), we calculated the final line function that
can fit not only each one of the spectral lines (emission
or absorption) but all the complex spectral regions of an
ion line

I; = [[)-()Hexp(_l‘ié)

+ 37855, (1 explLo g Jewn(Lecy)
J g

where 4 is the initial radiation intensity, L;, L.;, L, are the
distribution functions of the absorption coefficients,
ki, k., ki, € is the optical depth in the center of the spec-
tral line, S, is the source function, that is constant during
one observation.

As one can see in the final line function, in the case of
a group of absorption lines, the derived complex spectral
line profile is described by a new function which is not
the superposition of absorption components but the
mathematical product of them ([]Y,f). This means that
the final complex profile is not the summation of differ-
ent functions (Y2 ,f;) but the mathematical product of
them. Each individual function describes the absorption
component of each cloud. The product of a series of
functions ([]Y,f;) is a new function and has nothing to

do with the sum of functions (32, /). In contrary, in
the case of a group of emission spectral lines the derived
complex spectral line profile is described by the summa-

tion of different functions (. f;) and not the product
(TTE)-

The GR Model includes the creation of two new distri-
butions, the Rotation distribution (Danezis et al., 2003;
Lyratzi et al., 2007) that describes the rotation of the
plasma clouds and the Gauss-Rotation distribution (Dane-
zis et al., 2007; Danezis et al., 2009), which describes the
combination of the random motions of the clouds’ ions
and the self-rotation of the clouds.

The Rotation distribution is

L(2) = /1 — cos?0,

if
) —Jo+ /1(2) + 4A/172'atation 1
costy = 2A 2 otationZo )
and
if
—Ao + /lé + 4A/Ifotation
cosly = -

2Alrotation20

The Gauss-Rotation distribution is

_ \/E % )L — }vo )LOZ
Lﬁnal(i) - 2102 - erf O'\/E +a\/§COS0
) — A
—erf (AJ \/50 - 6/1\0/25 c0s0>} cos0do

where erf(x) = % fg e‘”zdu, 20 = Jiap £ Aoy, z = % and ¢
is the Gaussian typical deviation.

In the line function the factors e %< and §,,;(1 — ei%)
are the distribution functions of the absorption and the
emission component, respectively. The factor L must
include the geometry and all the principle physical condi-
tions of the region that produces the spectral line. This
means that if we choose the right physical conditions in
the calculations of the factor L, the factors e %% and
S1ei(1 — et take the form of a Gauss, Lorentz, Voigt,
Rotation or Gauss-Rotation distribution function. In this
case we do not use the pure mathematical distributions that
do not include any physical parameter, but the physical
expression of these distributions. In the case of Gaussian-
Rotation model for the classical distributions we use the
following physical expressions.

For the Gauss distribution, L takes the form

Uig)?
LG = e 202

For the Lorentz distribution, L takes the form
1

()

For the Voigt distribution, L takes the form

LL:

=)

e 2(;20 ,

LV :/ 42d/u
—00 1 =7
+ (=)

As we mentioned, using the GR model we can calculate
some important parameters of the plasma clouds that
construct the components of the observed spectral feature.
Directly we calculate the apparent rotational (V,,) and
radial (V,,) velocities of absorbing or emitting density
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clouds, the Gaussian typical deviation of the ions’ random
motions (o) and the optical depth in the center of the
absorption or emission components (&;). Indirectly we
can calculate, the random velocities of the ions (V,4u),
the (FWHM), the absorbed or emitted energy (E,,E.) and
the column density (CD).

Appendix B. Some notes about the linear regression and the
linear correlation coefficient

Suppose there are n data points (y;,x;), where
i=1,2,...,n. The goal is to find the equation of the
straight line y = o + fx which would provide a “best” fit
for the data points. Here the “best” will be understood as
in the least-squares approach: such a line that minimizes
the sum of squared residuals of the linear regression model.
In other words, numbers o (the y-intercept) and f (the
slope) solve the following minimization problem:

Find minQ (o, f) where

n

O, f) = & = (v — o= p)’

i=1

Solving the above minimization problem we take the equa-
tion of the asked straight line:

=75+ fx

where

= DXy — (in)(Zzy,-) and =73 Bx
ny xi—(3x)

The linear correlation coefficient R between y and x is cal-
culated by

O e )
VI -2 - 37

With regard to the linear correlation coefficient R> we note
that if R* = 1 the linear correlation between y and x is con-
sidered as “ideal”, if 0.5 < R?> < 1 the linear correlation is

considered as “good” and if 0.3 < R*> < 0.5 the linear cor-
relation is considered as “weak”. Otherwise there is no lin-
ear correlation. For more details see (e.g. Kleinbaum et al.,
1987 Ch. 5,6)
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